Strontium cobaltite (SrCoO x ) is known as a material showing fast topotactic electrochemical Redox reaction so-called 'oxygen sponge'. Although atomic scale phenomenon of the oxidation of SrCoO 2.5 into SrCoO 3 is known, the macroscopic phenomenon has not been clarified yet thus far. Here, we visualize the electrochemical oxidation of SrCoO x macroscopically. SrCoO x epitaxial films with various oxidation states were prepared by the electrochemical oxidation of SrCoO 2.5 film into SrCoO 3−δ film. Steep decrease of both resistivity and the absolute value of thermopower of electrochemically oxidized SrCoO x epitaxial films indicated the columnar oxidation firstly occurred along with the surface normal and then spread in the perpendicular to the normal. Further, we directly visualized the phenomena using the conductive AFM. This macroscopic image of the electrochemical oxidation would be useful to develop a functional device utilizing the electrochemical redox reaction of SrCoO x .
Transition metal oxides (TMOs) [1] with electrochemically controllable physical properties have been attracted attention as active materials for the electrochemical memory devices. Among many TMOs, strontium cobaltite (SrCoO x ) [2, 3] shows three kinds of optical, electrical, and magnetic phases when oxidized/protonated; SrCoO 2.5 is brown-colored electrical insulator and it shows antiferromagnetic behaviour, oxidized SrCoO 3−δ is black-colored metal and it shows ferromagnetic behaviour, and protonated HSrCoO 2.5 is almost transparent electrical insulator and it shows weak ferromagnetic behavior. [4, 5] As schematically shown in Fig. 1(a) , there are oxygen vacancies (V O2− ) in SrCoO 2.5 crystal. [6] The vacancies are occupied with oxygen after the oxidation (SrCoO 3−δ ) [3] . Valence states of cobalt ion change from 3+ into 4+ by the oxidation of SrCoO 2.5 into SrCoO 3−δ . It is known that the topotactic redox reaction of SrCoO 2.5 ↔ SrCoO 3−δ under controlled atmosphere occur at relatively low temperature (~200 °C), thus, SrCoO x is called 'oxygen sponge'. [4] Since this redox reaction of SrCoO x can be controlled an electrochemical way as well at room temperature, [3, 7, 8] several unique electromagnetic memory devices have been proposed. [5, 9, 10] In 2016, Katase et al. [9] demonstrated an SrCoO x thin film based memory device, which can store both electrical conductivity and magnetic properties simultaneously. They fabricated a three terminal thin-film transistor structure of the SrCoO 2.5 epitaxial films grown on (001) SrTiO 3 using a porous oxide film as the gate insulator. Since the pores in the porous oxide film was filled with water, [11] the following electrochemical oxidation reaction occurred during the negative voltage was applied to the gate electrode. SrCoO 2.5 + 0.5O 2− → SrCoO 3 + e − The fully oxidized SrCoO 3 showed metallic electron conduction and ferromagnetic behaviour below room temperature. And the proposed electrochemical memory device showed fast (~2 -3 s) redox reaction under applying relatively low voltage of ±3 V. [9] In order to further improve the device characteristics and to develop practical devices, the electrochemical oxidation needs to be visualized macroscopically. Usually transmission electron microscopy (TEM) observation is powerful tool to visualize the electrochemical redox reaction of a material. [12, 13] However, a TEM cannot be used for SrCoO 3−δ because SrCoO 3−δ easily release oxygen and becomes SrCoO 2.5 phase when electron beam is irradiated.
On the other hand, conductive atomic force microscopy (AFM) is also a powerful tool to analyze the conductive region in a material. [14] Although the film surface of SrCoO x needs to be clean to be observed by conductive AFM, the film surface is usually covered with a solid [9] or liquid [3, 5, 15] electrolyte. In order to visualize the electrochemical oxidation macroscopically, we analyzed thermopower of SrCoO x film with various oxidation states because thermopower is sensitive to the volume of conducting material in an insulating material/conducting material mixture. [16] [17] [18] [19] [20] [21] Further, we used an epitaxial film of SrCoO 2.5 grown on single crystalline solidelectrolyte to modulate the oxidation states of SrCoO x . In order to keep the SrCoO x film surface clean and to measure conductive AFM, we did not deposit any metal electrode on the surface.
Here we investigate the electrochemical oxidation reaction of SrCoO x macroscopically by the thermopower analysis of SrCoO x films with various oxidation states. As the result, we successfully visualized the electrochemical oxidation reaction of SrCoO x ; The columnar oxidation firstly occurred along with the surface normal and then spread in the perpendicular to the normal direction. Further, we directly visualized the phenomena using the conductive AFM. This macroscopic image of the electrochemical oxidation would be useful to develop a functional device utilizing the electrochemical redox reaction of SrCoO x . SrCoO x epitaxial films with various oxidation states were prepared by the electrochemical oxidation of ~40-nm-thick SrCoO 2.5 films, which were heteroepitaxially grown on (001) oriented Yttria−Stabilized Zirconia (YSZ) single crystal substrates with 6-nm-thick 8 mol% Gd-doped CeO 2 (GDC) by pulsed laser deposition technique. [22] [23] [24] In order to use the YSZ substrate as the oxide ion conducting electrolyte, we deposited 55-nm-thick porous Pt film (relative density ~53%) with comb shaped pattern was deposited on the back side of the YSZ substrate by the DC sputtering at room temperature. Then, we put the sample on an Al foil and heated the sample at 300 °C in air as shown in the inset of Figure 2b is the magnified XRD patterns around 008 BM or 002 PV Bragg peak. With increasing the oxidation state from as grown to sample E, the peak intensity of 008 BM decreased whereas that of 002 PV increased instead. The d-spacing of 008 BM was 0.1973 nm and that of 002 PV was 0.1910 nm, ~3.2 % shorter than 008 BM (see Supplementary   Fig. S1a and S1b). From the d-spacing of 002 PV , the lattice constant of the oxidized film is 0.382 nm, which is closed to the lattice constant of an SrCoO 3 single crystal (0.3829 nm). [25] It should be noted that average crystal tilting (≡ full width at half maximum of the X-ray rocking curve, see Supplementary Fig. S1c and 1d ) of both SrCoO 2.5 and SrCoO 3−δ films is ~0.7 °, which does not show any difference between the as-grown and oxidized.
Then, we performed the X-ray reflectivity measurements of as grown SrCoO 2.5 /GDC and oxidized SrCoO 3−δ /GDC (see Supplementary Fig. S2 ) to analyze the bilayer structure. The thickness of the SrCoO 2.5 film was 43.9 nm whereas that of the SrCoO 3−δ was 42.5 nm. The film thickness decreased ~3.2 % due to decreasing of the d-spacing, indicating that the SrCoO 2.5 was fully oxidized into SrCoO 3−δ . Thickness of the GDC film was 6 nm, which did not change after the oxidation. We also analyzed the surface morphology of the films using AFM. Several hundred nanometer sized grain structure were seen in the topographic AFM images of both SrCoO 2.5 and SrCoO 3−δ films (see Supplementary Fig. 3a and 3b) . The surface morphologies are basically same. Bright streaks in the reflection high energy electron diffraction (RHEED) pattern indicate that the SrCoO 2.5 was heteroepitaxially grown on the substrate with smooth surface (inset of Supplementary Fig. S3b ). These results indicate that topotactic oxidation occurred electrochemically without any crystallographic damage.
In order to further analyze the crystallographic information of the SrCoO x films, we Since the as grown sample was single phase SrCoO 2.5 and the sample E was single phase SrCoO 3−δ , we calculated the conversion rate from BM-SrCoO 2.5 into PV-SrCoO 3−δ using the ratio of the diffraction peak area of 008 BM-SrCoO 2.5 and 002 PV-SrCoO 3−δ as a function of the quantity of electricity over required electricity (see Supplementary Fig. S4a ). With increasing the electricity, the peak area of 002 PV increases rapidly and saturates whereas that of 008 BM decreases rapidly and approaches to zero. The conversion rate was calculated as (peak area of 002 PV )/(peak area of 002 PV for sample E) as shown in Supplementary Fig. S4b . From the XRD results, we extracted several size information including lattice constant in both in-plane and out-of-plane directions and grain size. In order to visualize the electrochemical oxidation of SrCoO x , we measured the electrical resistivity (ρ) [ Fig. 4(a) and Supplementary Fig. S5 ] and thermopower (S) [ Fig. 4(b) ] of the SrCoO x as a function of the conversion rate. The as grown sample showed insulating ρ − T behaviour, which is similar with that of SrCoO 2.5 reported by Lu et al. [5] With increasing the oxidation state, the ρ − T approached to that of SrCoO 3−δ . From these results, we further confirmed that x in the SrCoO x films could be modulated from 2. We then calculated the ρ and S as a function of the conversion rate by assuming that the electric circuit is a parallel circuit composed of the insulating SrCoO 2.5 region and the conducting SrCoO 3−δ region as schematically shown in Fig. 4(c) . 11 [17, 26] , where y is the conversion rate. Then, we calculated the ρ and S as a function of the conversion rate by assuming the columnar oxidation occurred as schematically show in Fig. 4(d) . According to the data fitting using the percolation model [27] of SrCoO 3−δ region, we reproduced the observed ρ and S very well. where ϕ is the conversion rate and ϕ c is the percolation threshold. From these results, we concluded that the columnar oxidation firstly occurred along with the surface normal and then spread in the perpendicular to the normal direction.
Then, we directly observed the conducting region using the conductive AFM to confirm our conclusion described above. Figure 5 shows the macroscopic mapping of the insulating 
Experimental Section
Pulsed laser deposition of the films: The films were heteroepitaxially grown on (001) Yttria−Stabilized Zirconia (YSZ) single crystal substrate by pulsed laser deposition (PLD).
During the film deposition, the substrate temperature was kept at 750 °C and the oxygen pressure was kept at 10 Pa. KrF excimer laser pulses (~2 J cm −2 pulse −1 , 10 Hz) were irradiated onto the ceramic target. First, 6-nm-thick 8 mol% Gd-doped CeO 2 (GDC) was grown followed by the growth of ~40-nm-thick SrCoO 2.5 . [22] [23] [24] In order to check the quality of the resultant film, we observed the reflection high energy electron diffraction patterns of the resultant films before air exposure.
Device fabrication and electrochemical oxidation: 55-nm-thick porous Pt film (relative density ~53%) with comb shaped pattern was deposited on the back side of the YSZ substrate by the d.c. sputtering (IB-3, Eiko Co.) at room temperature. As the counter electrode, we mechanically attached an Al foil as schematically shown in Fig. 1b . In order to oxidize the SrCoO 2.5 into SrCoO 3−δ , the sample was heated at 300 °C in air and the oxidative current was applied under applying −5 V or −10 V. The current density was up to −20 μA cm −2 . The electrochemical reaction is denoted by the following formula. Crystallographic analyses: The crystalline phase, orientation, lattice parameters, and thickness of the films were analyzed by high resolution X-ray diffraction (XRD, Cu Kα 1 , ATX-G, Rigaku Co.). Out-of-plane Bragg diffraction patterns and the rocking curves were measured at room temperature. The X-ray reciprocal space mappings (RSMs) were also recorded to clarify the change of the SrCoO x lattice. X-ray reflection patterns were measured to evaluate the density and the thickness. An atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. Co.) was used to observe the surface microstructure of the films.
Resistivity and thermopower measurements: Resistivity of the resultant films was measured by dc four-probe method with van der Pauw electrode configuration. In-Ga alloy was used as the contact electrodes. Thermopower of the resultant films was measured by standard steady state method. The film sample was placed on the gap (~5 mm) between two Peltier devices.
By applying the forward/reverse current to each Peltier devices, temperature difference was generated in the sample. We measured the temperature difference (ΔT) and the thermos- observed, gray dotted line: simulated). As schematically shown in the inset, the thickness of the SrCoO 2.5 film was 43.9 nm whereas that of the SrCoO 3−δ was 42.5 nm. The film thickness decreased ~3.2 % due to decreasing of the d-spacing, indicating that the SrCoO 2.5 was fully oxidized into SrCoO 3 . Thickness of the GDC film did not change after the oxidation. Figure S3 . Surface morphology of the SrCoO x films. Topographic AFM images of (a) as grown SrCoO 2.5 and (b) oxidized SrCoO 3−δ films (2 μm × 2 μm). Less than one hundred nanometer sized grain structure is seen in both images. The surface morphologies are basically same. Bright streaks in the RHEED pattern indicate that the SrCoO 2.5 was heteroepitaxially grown on the substrate with smooth surface. Figure S4 . Calculation of the conversion rate from BM-SrCoO 2.5 into PV-SrCoO 3 . (a) Changes in the diffraction peak area of (red) 008 BM -SrCoO 2.5 and (blue) 002 PV -SrCoO 3−δ as a function of the quantity of electricity over required electricity. The required electricity is 9.6 mC. With increasing the electricity, the peak area of 002PV increases rapidly and saturates whereas that of 008BM decreases rapidly and approaches to zero. (b) Conversion rate from BM-SrCoO 2.5 into PV-SrCoO 3−δ . We assumed that sample E was fully oxidized. The conversion rate was calculated as (peak area of 002 PV )/(peak area of 002 PV for sample E). Figure S5 . Temperature dependence of the resistivity of the SrCoO x films. The as grown sample shows insulating ρ−T behaviour, which is similar with that of SrCoO 2.5 reported by Lu et al. [1] With increasing the oxidation state, the ρ−T apploaches to that of SrCoO 3 reported by Lu et al.
